The efficient operation of the renal concentrating mechanism is dependent tipon the action of vasopressin on the permeability of the distal convoluted tubule to water (1). In the presence of this hormone, hypotonic fluid entering the distal convolution equilibrates osmotically with fluid in the surrounding renal cortical tissue, and isotonicity of the fluid delivered to the collecting ducts is achieved (1, 2). The collecting ducts are surrounded by a medullary interstitium which is variably hyperosmolal to plasma (3-5). The osmotic movement of water from collecting duct lumen to medullary interstitium results in the excretion of a hypertonic urine. Despite evidence that movement of water across the collecting duct epithelium may occur in the apparent absence of vasopressin (6, 7), most schemes of the urinary concentrating process include the hypothesis that water permeability in this segment of the nephron is enhanced by this hormone. The present study was designed to test that hypothesis.
The efficient operation of the renal concentrating mechanism is dependent tipon the action of vasopressin on the permeability of the distal convoluted tubule to water (1) . In the presence of this hormone, hypotonic fluid entering the distal convolution equilibrates osmotically with fluid in the surrounding renal cortical tissue, and isotonicity of the fluid delivered to the collecting ducts is achieved (1, 2) . The collecting ducts are surrounded by a medullary interstitium which is variably hyperosmolal to plasma (3) (4) (5) . The osmotic movement of water from collecting duct lumen to medullary interstitium results in the excretion of a hypertonic urine. Despite evidence that movement of water across the collecting duct epithelium may occur in the apparent absence of vasopressin (6, 7) , most schemes of the urinary concentrating process include the hypothesis that water permeability in this segment of the nephron is enhanced by this hormone. The present study was designed to test that hypothesis.
Kinetic analysis of the action of vasopressin on the movement of water and solute across the toad skin indicates that the hormone acts to increase the pore size in this epithelial membrane (8, 9) . If vasopressin exerts a similar action on the collecting duct epithelium, the permeability of the membrane to various partially permeant solutes should be affected by this agent. Since the urea concentration within the collecting duct fluid rises as water is abstracted from the lumen (10) it may be concluded that this membrane offers a barrier to the free diffusion of this molecule. It was therefore anticipated that an effect of vasopressin on the permeability of the collecting duct epithelial membrane would be manifested by an increased rate of movement of urea across this membrane. The experiments to be described indicate that vasopressin does augment the movement of urea from the collecting duct lumen to the medullary interstitial fluid. The present results are in accord with the recent report of Maffly, Hays, Lamdin and Leaf (11) which demonstrates that vasopressin markedly increases the permeability of the isolated toad bladder to urea.
The studies of Schmidt-Nielsen and O'Dell have suggested the presence of a specific transport mechanism for urea within the distal tubular system of the sheep (12) . As discussed by Levinsky and Berliner (13) , however, the present experimental evidence in the dog is entirely compatible with the hypothesis that urea enters the medullary tissue space of this species by passive diffusion along a concentration gradient. Whereas the data to be presented in no way refute the possibility of active transport of urea in the dog nephron (or an effect of vasopressin on this hypothetical transport system), they are fully compatible with the concept of solely passive movement of urea.
METHODS ANI) PROCEDURES
All studies were performed in anesthetized mongrel dogs, in two distinct groups of experiments.
I. The relative concentrations of urea in the urine and in the medullary tissue were determined during the steady state. Studies were done at high urine flow rates, and at relatively low urine to plasma urea concentration ratios, so that the urea concentration in the urine would closely approximate that in the terminal portion of the collecting duct system. The protocol of a representative experiment is outlined in Table I . Anesthesia was induced and maintained with thiopental sodium. Both ureters were catheterized through flank incisions, and urine was collected separately from each kidney. (14) . Intulin was determined in urine and plasma by reaction with diphenylamine, following alkali digestion (15) . The osmolality of urine and plasma was determined by the method of Bowman, Trantham and Caulfield (16) . Statistical analysis of the data in Table  III was performed by methods described by Snedecor (17) .
II. In order to determine the effect of vasopressin on the flux rate of urea into the renal medulla, a second set of experiments has been performed. Paired studies were done during water diuresis and during the infusion of vasopressin and mannitol. As in the previous set of experiments, urea was added to each infusion and 2 to 3 clearance periods were collected when a stable urine flow was attained. Five minutes before the removal of each kidney, an intravenous infusion of C4-labeled urea was started. Five urinary collection periods, each of 30 seconds' duration, preceded the removal of each kidney. The kidney was sectioned as described, except that in addition to sections from the papilla and inner medulla a slice of cortical tissue was also removed for analysis. Analyses for urea and water concentrations in the tissues were performed. In addition, an aliquot of each homogenate was counted in a liquid scintillation counter (Tri-Carb) for C14 activity. Urine specimens were similarly analyzed for urea and counted for C14. Specific activities were calculated for tissue and urine specimens. All specimens from the second (vasopressin plus mannitol) part of the experiment were corrected for residual radioactivity by subtracting the specific activity of a urine collected immediately prior to the second infusion of isotope. This correction was minimized Table III . The difference in the means of the urea concentration ratios during water diuresis and vasopressin infusion is highly significant statistically. As indicated in Table III , in three dogs in which the order of the experiment was reversed, the differences in the urea concentration ratios were comparable with the remainder of the group.
As measured by the clearance of inulin, unilateral nephrectomy did not appear to produce significant hemodynamic changes in the remaining kidney. As in the experiment detailed in Table I , slight changes in inulin clearance were observed during the course of single experiments. These were not consistent in magnitude or direction, however, and the mean of all inulin clearances performed during water diuresis was identical with those measured during the administration of mannitol and vasopressin.
The relatively high tissue to urine urea concentration ratios observed during the administration of vasopressin and mannitol can not be attributed solely to the presence of a mannitol diuresis. In three paired experiments, during which vasopressin was infused throughout, the effect of sodium chloride diuresis was compared with that of mannitol infusion at comparable rates of solute excretion. Kidneys removed during sodium chloride infusion showed a tissue to urine urea concentra-tion ratio which was not different from the ratios observed during mannitol diuresis in the same animals.
These data indicate that vasopressin reduces the concentration gradient of urea between the collecting duct lumen and the medullary interstitium. Since present evidence indicates that in the dog, urea enters the medullary interstitial space (and presumably the cells of this area) by passive diffusion along a concentration gradient (13), these results suggest that vasopressin increases the permeability of the collecting duct epithelium to urea. However, an alternative explanation for these data has been considered, namely that the rate of removal of urea from the medullary interstitium is more rapid in water (liuresis than during vasopressin and mannitol administration. Since a high concentration of urea within the medulla is maintained by the countercurrent exchanger effect provided by the medullary circulation, the efficiency with which urea is trapped within the medulla will vary inversely with the rate of blood flow through the capillary loops. If, during vasopressin action, either the rate of flow entering the capillary loops or the rate at which water abstracted from the collecting ducts is added to the medullary circulation is less than during water diuresis, the rate of washout of urea from the medulla would be correspondingly reduced. If either of these conditions exists, vasopressin might increase the tissue to urine concentration ratio for urea without affecting tubular permeability. It was therefore decided to determine the effect of vasopressin on the rate at which infused isotopic urea entered the medullary tissue during the steady state with respect to the urinary, and presumably medullary, urea concentration. This would serve as a measure of the turnover rate of urea in the medulla, which should be reduced if the vasopressin effect elicited in the above set of experiments were due solely to a reduction in the rate at which urea was washed out of the medullary interstitium. In addition, the effect of vasopressin on the rate of equilibration of isotopic urea between urine and renal medulla has been evaluated.
II. The effect of zvasopressin on the rate of equtilibration of isotopic urea between renal cortex and medulla. The corrected specific activities of urea in the cortex, inner medulla and papilla in kidneys removed 5 minutes after initiation of C14-labeled urea infusion are shown in Table IV . Data from four paired experiments and one experiment (Dog J) in which only one kidney was removed are presented. It is apparent that in all kidneys the specific activity of the cortex is significantly higher than that of the papilla, indicating that the infused isotope was not equally distributed throughout the renal tissue. Since the infusion was continued throughout the 5 minute period, a rising plasma radioactivity was present. The gradient between cortex and papilla is attributable to a lag in the delivery of isotope to the inner medulla, whether the isotopic urea enters the medulla primarily by means of the medullary blood flow or by means of diffusion from the collecting duct. In order to assess the effect of vasopressin, the cortex to papilla gradient for C14-urea has been examined. In paired experiments, this gradient was always smaller during the infusion of vasopressin than during water diuresis, indicating that vasopressin augments the rate of delivery of isotope to the renal medulla. This finding is incompatible with the possibility that the effect of vasopressin Similar qualitative results were obtained in three other paired experiments, in which lack of correction for quenching precludes absolute quantitative comparison with the studies shown in Table IV. III. The effect of vasopressin on the rate of equilibration of isotopic urea betwveen urine and renal papilla. In the experiments discussed in the previous section, urinary specific activities were also determined during the time period following the initiation of the isotopic urea infusion. In Figure 1 the specific activity of the urine in five 30-second collection periods, immediately preceding nephrectomy in a paired experiment, are plotted. In each part of the experiment, as in all other studies of this nature, the urinary specific activity was rising rapidly during this time period. The specific activity of the papilla from each kidney is also plotted. During vasopressin and mannitol infusion the specific activity of the papilla was higher than that of the final urine period. This apparent discrepancy may be attril)uted to the time lag between the mid-point of the final urine collection period and the removal of the kidney, since it is eliminated by extrapolation of the urinary specific activity curve to the time at which nephrectomy was performed. Thus it is suggested that during vasopressin and mannitol administration there was essentially complete equilibration of isotopic urea between urine and renal papilla 5 minutes after beginning the infusion of isotope. In contrast, during water diuresis the specific activity of the papilla was slightly lower than that of the final urine, and this difference is magnified by extrapolation of the curve of urinary specific activity. This finding suggests that movement of labeled urea from collecting duct lumen into medullary interstitium was delayed in the absence of vasopressin.
A similar relationship has been found in four other dogs, in which corrected specific activities were obtained. In Table V , the ratio of the papillary specific activity to that in the final urine has been computed in the same group of experiments shown in Table IV . In paired experiments, the tissue to urine specific activity ratio was consistently higher during the administration of vasopressin and mannitol, There is no overlap of Dog H values when all experiments are examined; this ratio always exceeded unity during vasopressin action, and was less than 1 during water diuresis. These data lend further support to the conclusions derived from the previously cited experiments, namely that vasopressin increases the permeability of the collecting duct epithelium to urea, and by this means promotes the movement of urea from tubular lumen to the medullary interstitial space.
DISCUSSION
The demonstration of an effect-of vasopressin on the permeability of the collecting duct to urea suggests that this hormone increases the pore size in this epithelial membrane. By analogy with studies on other membranes (8, 9, 11) it may be inferred that vasopressin also augments water permeability in this segment of the nephron, and that consequently the rate of achievement of osmotic equilibrium between collecting duct tubular fluid and extratubular medullary fluid is accelerated by an action of this hormone. The maintenance of a high osmotic gradient between the medullary interstitium and collecting duct fluid during water diuresis (18, 19) can be readily explained as a result of the restricted permeability to water in the absence of vasopressin. On the basis of these observations, it is suggested that the action of vasopressin on the collecting duct epithelium constitutes an important determinant in the processes of urinary concentration and dilution.
The present method of study does not permit a kinetic analysis of the movement of urea across the collecting duct epithelium. Whether vasopressin augments the diffusion of urea, or whether the increased rate of movement of urea is primarily a result of solvent drag imposed by the osmotic flow of water can not be determined. In either event, augmentation of urea accumulation in the medulla by the action of vasopressin serves to increase the degree to which the kidney can conserve water and concentrate the urine.
A hypothesis concerning the mechanism whereby urea contributes to the process of urinary concentration has been previously presented by Berliner, Levinsky, Davidson and Eden (18) . The results of the present study are compatible with their formulation, and serve to emphasize that the unique role of urea is dependent upon special permeability characteristics of the collecting duct epithelium with respect to this molecule. This is illustrated by the following considerations. Complete impermeability to urea would preclude the movement of urea into the medullary interstitial space, and limit the solute concentration attainable in that space to the concentration of sodium chloride which can be achieved by active transport. This latter concentration would consequently determine the limit of maximal urinary osmolality. If the collecting duct offered no barrier to the diffusion of urea, the movement of water out of the tubule would be accompanied by urea at a concentration identical with that within the tubular fluid. Consequently, the urea concentration within the lumen would remain uniform along the length of the collecting duct. As a result, although urea would be added to the interstitial fluid solute, its contribution would be limited to that concentration of urea present in the fluid leaving the distal convolution. Clearly, the degree of permeability to urea in the collecting duct lies between these two extremes. There exists a sufficient barrier to diffusion to permit a rising concentration within the lumen as water is abstracted, yet movement of urea into the medullary interstitium is sufficient to add materially to the total solute concentration within the medulla.
Concentration of urea within the tubular fluid as it passes down the collecting duct is dependent upon osmotic abstraction of water by nonperlmeating solute (sodium chloride) in the peritubular space. Osmotic movement of water will proceed until the interstitial sodium chloride is balanced lby an osmotically equivalent concentration of nonpermeating solute within the tubular lumen. Urea, since it can penetrate the tubular epithelium, will exert little effective restriction to the continued movement of water out of the collecting duct. Consequently, the ratio of urea to nondiffusible solute in the fluid entering the collecting ducts from the distal convolution will determine in part the fraction of that fluid which can be abstracted from the tubule, and thus the extent to which urea can be concentrated within the tubular and interstitial fluids and ultimately contribute to urinary concentration. Thus, at comparable rates of solute excretion, urine osmolality is significantly higher during urea osmotic diuresis than when sodium chloride or mannitol is used as the loading solute (20, 21) . In contrast, when urea constitutes a small fraction of the total solute entering the collecting duct, as in a subject fed a low protein diet, the contribution of urea to urinary concentration is minimized, and maximal concentrating ability is impaired (13, 22) .
During dehydration, urea clearance-relative to filtration rate-diminishes (23) , and the plasma urea concentration accordingly rises. It is suggested that these accompaniments of the dehydrated state are manifestations of the role of urea in renal water conservation. In the hydropenic animal elaborating a highly concentrated urine, the urea concentration within the renal medulla exceeds the total solute concentration in the plasma. In the dog, concentrations of 700 to 800 nmoles of urea per g of water are frequently observed in the renal papilla (13) . Barring an active transport process for urea, its concentration in the medulla can not exceed the net concentration of urea in the water entering the medullary interstitium from the collecting duct. Consequently, it may be concluded that in the hydropenic dog producing a highly concentrated urine, the fluid entering the papillary interstitium from the collecting duct contains sufficient urea so that it is hypertonic to the systemic body fluids. Since this process occurs physiologically only in the hydropenic state, it may be viewed as a homeostatic mechanism which acts to conserve body water at the expense of increasing body fluid osmolality. Since urea diffuses readily into the various body fluid compartments, the major need of the organism, maximal conservation of water, is subserved without incurring potentially (letrinental fluid shifts between these compartments.
Recent studies indicate that animals residing in arid regions possess an unusually deep renal medulla and papilla (24) , in contrast to certain species whose habitat is restricted to areas in which the water supply is abundant (24, 25) . In addition to increasing the efficiency of the countercurrent mechanisms, this anatomical characteristic favors the achievement of the maximal attainable intratubular urea concentration and similarly increases the degree to which urea will attain diffusive equilibrium between tubular and peritubular fluids. These observations suggest that the role of urea in urinary concentration is vital to the maintenance of body fluid volume in the normal existence of certain animal species.
SUM MARY
The effect of vasopressin on the relative concentrations of urea within the renal medulla and within the urine has been determined in a set of paired steady state experiments in dogs. In every experiment a higher tissue to urine concentration ratio for urea has been observed during vasopressin administration than during water diuresis. In additional studies in which C14-labeled urea was injected intravenously it was observed that the rate of appearance of isotopic urea in the renal medullary tissue is enhanced by vasopressin, suggesting that vasopressin increases the rate of turnover of urea within the renal medulla. Similarly, equilibration of labeled urea between urine and renal papilla was more rapid in the presence of vasopressin. These data indicate that the rate of movement of urea from the collecting duct lumen to the peritubular fluid is augmented by the action of vasopressin. Since this evidence favors the view that passage of urea out of the tubular fluid in the dog kidney is by means of passive diffusion along a concentration gradient, the present results are interpreted to indicate a direct effect of vasopressin on the permeability of the collecting duct epithelium.
